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Crystal Structure of a -like
Calpain Reveals a Partially Activated
Conformation with Low Ca2 Requirement
An understanding of the Ca2 regulation of calpain is
important because the calpains are involved in many
Ca2-linked signal pathways. They may respond differ-
ently to changes in intracellular Ca2 concentration,
since they differ markedly in their Ca2 requirements in
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Canada vitro, which are in the range of 25 M for -calpain
and 325 M for m-calpain (Goll et al., 2003). We have
attempted here to find a structural explanation of this
difference in Ca2 requirement, given that the aminoSummary
acid sequence identity between them is 62%. Some
biochemical studies of this question have been re-The two Ca2-dependent cysteine proteases, - and
ported, involving mutations in the EF-hand motifs ofm-calpain, are involved in various Ca2-linked signal
domains IV and VI of calpain, and the set of hybridpathways but differ markedly in their Ca2 require-
/m-calpain large subunits (Dutt et al., 2000, 2002). Thements for activation. We have determined the struc-
results showed that the EF-hands are essential for cal-ture of a -like calpain, which has 85% -calpain se-
pain activity, but that the differences in Ca2 requirementquence (the first 48 and the last 62 residues of the
were not due to the small variations within the EF-hands.large subunit are those from m-calpain) and a low
It is clear that the Ca2 requirement is a function of theCa2 requirement. This construct was used because
entire calpain molecule, and cannot be attributed to any-calpain itself is too poorly expressed. The structure
single local feature.of -like calpain is very similar in overall fold to that
The X-ray structures of rat and human m-calpain inof m-calpain as expected, but differs significantly in
the absence of Ca2 have been reported (Hosfield et al.,two aspects. In comparison with m-calpain, the cata-
1999; Strobl et al., 2000). One major finding was thatlytic triad residues in -like calpain, His and Cys, are
the residues of the active site, the catalytic triad of Cys-much closer together in the absence of Ca2, and sig-
105, His-262, and Asn-286, were not assembled into annificant portions of the Ca2 binding EF-hand motifs
active configuration in the absence of Ca2. The struc-are disordered and more flexible. These structural dif-
ture in the presence of Ca2 is consequently of greatferences imply that Ca2-free -calpain may represent
interest, but has so far proved very difficult to obtain.a partially activated structure, requiring lower Ca2
Calpain either autolyses in the presence of Ca2 or ag-concentration to trigger its activation.
gregates and partially dissociates if an inactive mutant
(Cys105Ser-m-calpain) is used (Pal et al., 2001). The
Introduction structures of the protease core, domains I-II of both
- and m-calpain, have however been obtained in the
The calpain family includes approximately 13 genes, presence of Ca2, using inactive mutant forms (Moldo-
but only two members, - and m-calpain, are found veanu et al., 2002, 2003). These structures revealed a
in mammalian tissues as stable proteins in amounts conformational rearrangement of the two domains rela-
sufficient for isolation and study by standard enzymo- tive to each other in response to Ca2 binding, which
logical methods (Sorimachi and Suzuki, 2001; Dear and has the effect of assembling the active site residues
Boehm, 2001; Goll et al., 2003). These two enzymes into the correct geometry for activity, and involving two
are heterodimeric Ca2-dependent cysteine proteases, previously unexpected Ca2binding sites, located within
composed of a specific large catalytic subunit (from the domains I and II. The -I-II and m-I-II constructs showed
genes capn1 and capn2, respectively) combined with some difference in Ca2 requirement in a fluorescence
a small regulatory subunit (capn4). The two enzymes assay, indicating that these domains also contribute to
appear to be very similar in many biochemical properties the overall Ca2 requirements of the intact calpains. The
and it is not clear in evolutionary terms why two such constructs however either had very low proteolytic activ-
closely related enzymes have been conserved within ity (-I-II) or were not active (m-I-II) (Moldoveanu et al.,
most cells. Some calpain activity is essential, since dis- 2002, 2003), showing that the remainder of the calpain
ruption of the capn4 gene, which abolishes both - and molecule is essential for normal activity.
m-calpain activities, is embryonic-lethal (Arthur et al., Since the X-ray structure of m-calpain was known, it
2000). Their physiological functions differ at least partly, was therefore of considerable interest to determine and
since disruption of the capn1 gene in mice has very little compare the structure of -calpain, with the aim of find-
effect (Azam et al., 2001), but disruption of the capn2 ing structural differences relating to the Ca2 require-
gene is embryonic-lethal (Dutt et al., 2002). Another ex- ment. For -calpain itself, crystallization has been im-
ample of functional difference between m- and -cal- practicable because of the lack of material. It is possible
pain was reported recently (Lokuta et al., 2003), where to obtain natural -calpain from sources such as plate-
the inhibition of -calpain, but not of m-calpain, was lets, but not in sufficient amounts for crystallization.
shown to promote neutrophil polarization and migration. Expression of recombinant -calpain was first reported
in the baculovirus system (Meyer et al., 1996), and we
have also expressed rat and human -calpain in E. coli,*Correspondence: jia@post.queensu.ca
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but the yields are of the order of 0.2 mg per liter of E. Table 1. Crystallographic Statistics
coli culture. In previous work, we had found that calpain
Data Collection Statistics
with a hybrid m/ large subunit (rat-BamHI--DraI-
Wavelength  (A˚) 0.916117m-80k/21k) was relatively well expressed (Dutt et al.,
Resolution (A˚) 2.82002). This large subunit contains 85% -calpain se-
Rsym (%) 5.7 (27.9)quence (residues 1-48 from m-calpain, residues 59-649
I/a 18.5 (3.9)
of -calpain, and residues 638-700 of m-calpain), and Completeness (%) 91.1 (82.3)
is referred to for brevity as “-like calpain.” In natural Total reflections 110989
Unique reflections 50920-calpain, the N terminus is longer by an additional ten
residues. The active form of this construct had a Ca2 Refinement Statistics
requirement of 120 M, significantly closer to that of
Resolution (A˚) 50–2.8-calpain than that of m-calpain, and could be purified
Reflections 47246
in yields of the order of 2 mg per liter of E. coli culture. Space group P2(1)
It provides a useful and presently unavoidable compro- Unit cell (A˚) a  72.7, b  184.6,
mise model for-calpain. Crystallization and preliminary c  86.4,   100.7	
Protein atoms 12190X-ray data of the inactive C105S form of this molecule
Solvent molecules 312have been reported (Pal et al., 2003), and we describe
Solvent content (%) 57here the details of the X-ray structure.
R value (%) 22.8
The overall structure of -like calpain does not differ Free R valueb (%) 31.0
greatly from that of m-calpain, but the active site differs Average B factor (A˚2) 49.7
significantly. Due to the repulsion between Lys256 and Deviation from ideal geometryc
Bond lengths (A˚) 0.009Lys294, the catalytic residue His262 that lies in the same
Bond angles (	) 1.4strand of Lys256 is shifted toward the catalytic Cys105
(in this structure it is Ser105) at a distance of only 6.3 A˚ Ramachandrand
instead of 10.5 A˚ observed in m-calpain. Furthermore,
Most favored regions (%) 65.2
significant portions of the EF-hand motifs of both the Additional allowed regions (%) 27.5
large and the small subunits of -like calpain show an Generously allowed regions (%) 5.2
Disallowed regions (%) 2.1increase in flexibility while compared with m-calpain. In
light of the reduced distance between His262 and Values in parentheses are for highest resolution shells.
Cys105 and the greater flexibility of the EF-hand motifs, a Signal-to-noise ratio of intensities.
we postulate that -like calpain may possess a partially b Five precent of reflections were randomly chosen for calculation
of free R value.activated structure and therefore may contribute to
c Root mean squared deviation from ideal geometry (Engh andhigher Ca2 sensitivity.
Huber, 1991).
d Percentage of residues in regions of the Ramachandran plot
(Laskowsky et al., 1993).
Results and Discussion
Overall Structure
The final model, refined at 2.8 A˚ resolution, consisting consists of a large subunit of approximately 700 amino
acid residues, with an N-terminal 
-helix of 19 residues,of two calpain molecules (1885 amino acid residues)
and 312 solvent molecules, gave an estimation of R followed by four domains, I-IV (D-I: residues 20-210;
D-II: 211-355; D-III: 356-514, and D-IV: 531-700); and avalue of 22.8% and Rfree of 31%, respectively. For more
details, see Table 1. The presence of two crystallograph- small subunit fragment, domain VI of approximately 180
residues, as discussed in detail for rat m-calpain (Hos-ically independent molecules in the asymmetric unit and
the excellent agreement between their structures (rmsd field et al., 1999). In another nomenclature, the N-ter-
minal 
-helix of 19 residues is also known as domain Iof 0.90 A˚ on C
 atoms) give rise to additional assurance
in interpretation of the structure. In both molecules of and the residues 20-210 and 211-355 known as domain
IIa and domain IIb, respectively. As mentioned earlier, inthe asymmetric unit, there are several disordered re-
gions that were omitted from the refinement and from the large subunit of the present -like calpain structure,
residues 1-48 and 638-700 are of m-calpain and residuesthe final model. Apart from a few breaks of one or two
residues in the electron density map, the major disor- 59-649 are of natural -calpain. Domain VI, the small
subunit, is identical for both m- and-calpain. Alignmentdered regions include residues 244-255, 419-423, 527-
536, 541-549, and 588-593 in the large subunit and resi- of C
 atoms between the Ca2-free forms of -like cal-
pain and of rat and human m-calpain gave an rmsd ofdues 715-717, 734-737, 747-763, and 813-819 in the
small subunit. The small subunits in both molecules are 1.17 A˚ and 1.22 A˚, respectively. Although domains I and
II move relative to each other on binding Ca2 (Moldo-more disordered than the large subunits (20% of the
small subunit is disordered, compared to 8% of the veanu et al., 2002), secondary structure within each of
these domains is little changed. Therefore, when the C
large subunit). The side chains of several residues were
omitted owing to lack of adequate electron density and atoms of D-I and D-II of the present Ca2-free -like
calpain were superimposed separately on D-I and D-IIthese amino acids are represented as Ala residues in
the final structure. of Ca2--I-II, rmsd values of 1.09 A˚ and 1.15 A˚ were
obtained.The overall structure of -like calpain in the absence
of Ca2 (Figure 1) is very similar to those of Ca2-free Moldoveanu et al. (2001) demonstrated that the tryptic
or chymotryptic digestion patterns of m-calpain (inac-m-calpains (Hosfield et al., 1999; Strobl et al., 2000). It
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Figure 1. Ribbon Diagram Showing the Two
Molecules of -like Calpain in the Asymmet-
ric Unit
Domains are represented as D-I, blue; D-II,
brown; D-III, yellow; D-IV, green; and D-VI, red.
tive C105S mutant) differed widely when digested in the pain in the absence of Ca2. It was shown earlier in
the Ca2-free structure of m-calpain that the catalyticpresence or in the absence of Ca2. In the presence of
Ca2, the protein was much more susceptible to proteol- residue His262 NE2 atom is hydrogen bonded to the
catalytic residue Asn286 ND2 atom (2.85 A˚) (as is theysis. This observation can be explained based on the
structure comparison between Ca2-free and Ca2- case in almost all cysteine proteases) but that the His262
ND1 atom was 10.5 A˚ away from the catalytic Cys105bound structures. It is evident that due to Ca2 binding,
conformational changes mainly involving domain move- S atom. These catalytic residues lie at the interface be-
tween D-I and D-II, and the large separation of the cata-ment as well as some substantial internal conforma-
tional change with the domains expose many sites that lytic residues, by preventing assembly of the catalytic
triad, is the fundamental reason for the inactivity of cal-become susceptible to proteolysis. In the present -like
calpain structure which we depict as partially activated pain in the absence of Ca2 (Hosfield et al., 1999). In
-like calpain, His262 in domain II is well defined in thestructure because of the closeness of His262 residue
toward Cys105, we do not find any domain movement electron density map (Figure 2), and is positioned quite
differently. It is significantly closer to Cys105 (Ser105 inor any large internal conformational changes observed
in the Ca2-bound -I-II structure (Moldoveanu et al., our inactive construct) in D-I of -like calpain than in
m-calpain, while the positions of the Asn286 and Ser1052002) but only small conformational changes near the
active site. Therefore, we anticipate that its proteolytic are essentially unchanged as compared with m-calpain
(Figures 3A and 3B). As a result, the distance from His262digestion pattern would be very similar to the previous
observations (Moldoveanu et al., 2001). ND1 to Ser105 OG has decreased to 6.3 A˚ from 10.5 A˚
(Figure 3B) and accordingly the distance from His262
NE2 to Asn286 ND2 has increased to 7.5 A˚ from 2.85 A˚.Active Site
His262 in -like calpain therefore occupies a positionThere are two regions, in the active site and in the EF-
intermediate between its positions in Ca2-free inactivehand domains, where there are apparently significant
differences in detail between -like calpain and m-cal- m-calpain and active -calpain I-II. The side chain of
Structure
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enzyme to its active conformation (Moldoveanu et al.,
2002). The activated conformation in Ca2-bound -I-II
is essentially identical to that of all other thiol proteases,
where the catalytic triad residues, Cys, His, and Asn,
have a characteristic geometry and are within the appro-
priate hydrogen bonding distance. Thus, activation pro-
cess involves two levels of conformational change. One
is the domain movement involving domains I and II and
the other is the internal conformational changes involv-
ing the catalytic and other residues. In the -like calpain
structure, this domain movement is totally absent as
can be judged from the C
 alignment of -like calpain
with rat or human m-calpain. But distinctly there are
some internal conformational changes occurring, possi-
bly due to the repulsion between Lys256 and Lys294,
causing the shift of His262 side chain toward active-site
Cys105 to a distance of only 6.3 A˚ (compared to 10.5 A˚
in m-calpain). As a result, it appears that even in the
Figure 2. A Section of the Electron Density Map in which the Cata-
absence of Ca2 the catalytic triad is already inchinglytic Residue His262 Is Shown to Be Well Defined and Stacked with
closer to the active conformation (Figure 3B). Thus, weTrp288
assume that the -like structure represents a partiallyThe map is contoured at 1 .
activated conformation with enhanced Ca2 sensitivity.
His262 in -like calpain is stabilized by excellent stack-
ing with Trp288 (Figure 2), a residue that is also critical EF-Hand Domains
The second point of significant difference is in domainsfor calpain activity (Arthur et al., 1995). This differs from
m-calpain, where the planes of the His262 and Trp288 IV and VI, in some of the Ca2 binding EF-hand motifs.
In domain IV, there are several disordered regions in-side-chains are not parallel, and the residues are farther
apart. The His/Trp stacking lends additional support to cluding residues 541-549 and residues 588-593 corre-
sponding to EF hands 1 and 2, as well as the linkerthe notion that -like calpain in the absence of Ca2 is
already closer to an active state than m-calpain, since between domains III and IV, residues 527-536. Similarly
in domain VI the disordered regions include residuesinteraction between the highly conserved Trp and His
residues in the active site of most cysteine proteases 734-737 and 813-819 corresponding to EF-hands 1 and
3, respectively. It should be emphasized that extensiveis crucial for their activity (Bromme et al., 1996). These
structural adjustments in the -like calpain active site disordering is observed in both molecules in the asym-
metric unit and that the disordered regions are largelyappear to be due to the repulsion between two local
peptide strands, involving Lys256 in the strand con- in the same areas in each molecule. Disordered regions
in proteases usually play an important role in maintainingtaining His262 and Lys294 in the strand containing
Trp288 (Figure 3C). The two Lys residues are specific the enzymes in their inactive conformation, and undergo
significant conformational changes and rigidificationto -calpain, whereas the corresponding residues in
m-calpain are Gln256 and Thr294, which form a hydro- during the activation process (Jing et al., 1999). Approxi-
mately 17% of EF-hand domain IV structure is disor-gen bond (Gln256 NE2 to Thr294 OG1—2.4 A˚) that helps
stabilize the tighter association of the two strands (Fig- dered. In domain VI, the small subunit, about 20% of
the structure is disordered, and is much less clearlyure 3C). The Lys256-Lys294 repulsion appears to cause
a larger separation between these two strands and con- defined than in m-calpain, even though the primary se-
quence of small subunit is identical in -like calpain assequently contribute to the shift of His262. Additionally,
in m-calpain there is a hydrogen bond between Ser277 well as in m-calpain. The results indicate an increased
flexibility in domains IV and VI of -like calpain. It isOG and Gln279 NE2 (3.2 A˚) that is not present in -like
calpain, which has Gln277 and Val279. Taken together, important to note that the disordered regions are not
correlated with crystal packing. Some disordered re-the loss of interaction between Gln277 and Val 279 and
the repulsion between Lys256 and Lys294 in -like cal- gions are close to the contact area but others are not.
It is possible that this disorder could in part reflect anpain probably make the two peptides containing His262
and Asn286 less rigid and permit the shift of His262 overall wagging of the calmodulin-like domains because
of the other better ordered parts such as domains I-IIItoward Cys105. It should be noted that the shorter
N-terminal sequence of m-calpain may have different form the crystal scaffold (12% residues in domains
I-III versus 4% residues in domains IV and VI involvedcontacts with D-VI as compared to m-calpain N-terminal
sequence, which is longer by ten amino acids. From the in the crystal packing). However, many parts of the EF-
hand domains are well defined in the electron densitypresent structure, it is difficult to judge whether a longer
N terminus would only have impact on the observed map. Thus it would be difficult to conclude that there is
an overall domain movement of D-IV and/or D-VI.conformational change in the active site.
Upon Ca2 binding, it has been shown that the move- Ca2-induced (reversible) dissociation of the calpain
subunits appears to be part of the calpain activationment of the entire domains I and II, as well as conforma-
tional changes within them, are necessary to bring the process (Pal et al., 2001), and the increased flexibility of
Crystal Structure of a -like Calpain
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Figure 3. Active Site Geometry of -like Calpain
(A) Domains I and II of Ca2-free -like calpain (blue) are superimposed with Ca2-free m-calpain (green) and Ca2-bound -I-II (brown). Side
chains of catalytic triad residues (red box on the right) are shown, together with Lys256 and Lys294 of -like calpain (red box on the left).
(B) Magnification of the boxed area (right, from [A]), in an approximately same orientation. Catalytic residue His262 of -like calpain occupies
a position intermediate between the His residues of Ca2-bound active -I-II and Ca2-free inactive m-calpain. The distances between Cys105
and His262 are 6.3 A˚ and 10.5 A˚ in -like calpain and m-calpain, respectively.
(C) Magnification of the boxed area (left, from [A]), in approximately same orientation. Repulsion between Lys256 and Lys294 in -like calpain
(blue) is illustrated. The corresponding residues in m-calpain (green) are Thr256 and Gln294, which are hydrogen bonded.
domains IV and VI suggests that the association among that -calpain may be closer in conformational terms to
the active state than m-calpain. The increased flexibilityvarious domains may be weaker in -like calpain than
in m-calpain. Consequently, the weakened association of EF-hand domains also implies an increased sensitivity
to Ca2. Taken together, these structural features arebetween large and small subunits may afford calpain
with greater potential of subunit disassociation, thereby consistent with the requirement for a lower Ca2 concen-
tration to drive the activation process of -calpain.facilitating activation. Even though the Ca2-induced
conformational changes in the EF-hands domains are
Experimental Proceduressmall (Blanchard et al., 1997), they are crucial for the
overall activation of calpain (Dutt et al., 2000, 2002).
Preparation and purification of the recombinant -like calpainThe greater flexibility of the EF-hand domains in -like
(m-Bam--Dra-m80k/21k) has been described previously (Dutt et
calpain compared with those in m-calpain therefore may al., 2002). In -calpain, the active site cysteine is at position 115,
imply that a lower Ca2 concentration would be required but in the hybrid it is at position 105, because the m-calpain se-
quence before the BamHI site replaces the longer natural -calpainto activate -calpain.
N terminus. The amino acid residue numbers in -like calpain there-In summary, we recall that activation of calpain re-
fore correspond to those in m-calpain. To avoid autolysis, the activequires conformational changes that involve Ca2binding
site residue Cys105 was mutated to Ser. The yield of the seleno-to the catalytic core domains containing the active site,
methionine form of -like calpain was inadequate for crystallization.
D-I and D-II, and to the EF-hand domains, IV and VI. Crystallization of -like calpain has been described (Pal et al., 2003).
The critical differences observed in the active site of Crystals were prepared from a protein solution of 10–15 mg/ml in
50 mM Tris-HCl (pH 7.6), 100 mM NaCl, 0.2 mM EDTA, and 10 mM-like calpain when compared with m-calpain suggest
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DTT, and in the presence of n-nonyl--D-maltoside. Five microliters suite: programs for protein crystallography. Acta Crystallogr. D 50,
760–763.of the protein solution was mixed with 3–4l of the reservoir solution,
which contained 8% polyethylene glycol 6000 in 100 mM MES (pH Dear, T.N., and Boehm, T. (2001). Identification and characterization
6.25), 50 mM NaCl., and 1–2 l of 6.0 mM n-nonyl--D-maltoside. of two novel calpain large subunit genes. Gene 274, 245–252.
Crystals were usually obtained as clusters of plates, from which Dutt, P., Arthur, J.S., Grochulski, P., Cygler, M., and Elce, J.S. (2000).
single crystals were separated. It is important to note that the deter- Roles of individual EF-hands in the activation of m-calpain by cal-
gent, n-nonyl--D-maltoside, played a critical role in the final suc- cium. Biochem. J. 348, 37–43.
cess of crystallization, although the protein is soluble in aqueous
Dutt, P., Spriggs, C.N., Davies, P.L., Jia, Z., and Elce, J.S. (2002).solution.
Origins of the difference in Ca2 requirement for activation of mu-The crystals diffracted to 2.8 A˚ resolution at beamline F1, Cornell
and m-calpain. Biochem. J. 367, 263–269.High Energy Synchrotron Source (CHESS). Diffraction data were
Engh, R.A., and Huber, R. (1991). Accurate bond and angle parame-processed with the Denzo/Scalepack program (Otwinoski and Mi-
ters for X-ray protein structure refinement. Acta Crystallogr. A 47,nor, 1997). Crystals belong to the monoclinic space group P21, with
392–400.unit cell parameters of a 72.7, b 184.6, c 86.4 A˚, and  100.7	.
There are two molecules per asymmetric unit, with a Matthews Goll, D.E., Thompson, V.F., Li, H., Wei, W., and Cong, J. (2003). The
coefficient, VM, of 2.89 A˚3 Da1, and solvent content of 57.1%. This Calpain System. Physiol. Rev. 83, 731–801.
corresponds to 200 kDa in the asymmetric unit. Hosfield, C.M., Elce, J.S., Davies, P.L., and Jia, Z. (1999). Crystal
The structure of -like calpain in the absence of Ca2 was deter- structure of calpain reveals the structural basis for Ca(2)-depen-
mined by molecular replacement using the structures of Ca2-free dent protease activity and a novel mode of enzyme activation. EMBO
m-calpains as the model (Hosfield et al., 1999; Strobl et al., 2000). J. 18, 6880–6889.
Two molecules in the asymmetric unit were positioned using the
Jing, H., Macon, K.J., Moore, D., DeLucas, L.J., Volanakis, J.E., andprogram AMORE (Collaborative Computational Project, 1994). Alter-
Narayana, S.V. (1999). Structural basis of profactor D activation: fromnate cycles of manual fitting of the model using XFIT (McRee, 1992)
a highly flexible zymogen to a novel self-inhibited serine protease,and refinement to 2.8 A˚ using the CNS package (Bru¨nger et al.,
complement factor D. EMBO J. 18, 804–814.1998) were carried out. As the refinement progressed, water mole-
Laskowsky, R.A., Macarthur, M.W., Moss, D.S., and Thorton, J.M.cules were gradually introduced and noncrystallography symmetry
(1993). PROCHECK–a program to check the stereochemical qualityrestraint was excluded in the final rounds of refinement. A final cycle
of protein structures. J. Appl. Crystallogr. 26, 283–291.of refinement was also performed using REFMAC (Collaborative
Computational Project, 1994). The coordinates have been deposited Lokuta, M.A., Nuzzi, P.A., and Huttenlocher, A. (2003). Calpain regu-
lates the crystal structure of calcium-free human m-calpain sug-in PDB (accession code 1QXP).
gests an electrostatic switch mechanism for activation by calcium
neutrophil chemotaxis. Proc. Natl. Acad. Sci. USA 100, 4006–4011.Acknowledgments
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